STATISTICAL SUMMARY Words: 6918 Figures/Tables: 8 HIGHLIGHTS  Phospholipid (DPPC)-copolymer (PBD-PEO) hybrid assemblies are investigated at different lengthscales  Micron-sized hybrid assemblies are giant vesicles characterized by phase-segregated domains  The domains strongly affect the morphological and viscoelastic properties of GUVs  Nano-sized hybrids are preferentially arranged into worm-like shapes  It is possible to tune the physicochemical-mechanical features of nano-and microhybrids ABSTRACT 2 In recent years, there has been a growing interest in the formation of copolymers-lipids hybrid self-assemblies, which allow combining and improving the main features of pure lipids-based and copolymer-based systems known for their potential applications in the biomedical field. In this contribution we investigate the self-assembly behavior of dipalmitoylphosphatidylcholine (DPPC) mixed with poly(butadiene-b-ethyleneoxide) (PBD-PEO), both at the micro-and at the nano-length scale. Epifluorescence microscopy and Laser Scanning Confocal microscopy are employed to characterize the morphology of micron-sized hybrid vesicles and the presence of fluid-like inhomogeneities in their membrane has been evidenced in all the investigated range of compositions. Furthermore, a microfluidic set-up characterizes the mechanical properties of the prepared assemblies by measuring their deformation upon flow: hybrids with low lipid content behave like pure polymer vesicles, whereas objects mainly composed of lipids show more variability from one vesicle to the other. Finally, the structure of the nanosized assemblies is characterized through a combination of Dynamic Light Scattering, Small Angle Neutron Scattering and Transmission Electron Microscopy. A vesicles-to-wormlike transition has been evidenced due to the intimate mixing of DPPC and PBD-PEO at the nanoscale. Combining experimental results at the micron and at the nanoscale improves the fundamental understanding
INTRODUCTION
Since their first description by Disher and Eisenberg [1] , polymersomes have raised the interest of the scientific community because of their mechanical stability and tunable chemical design.
Their possible applications span from nanocarriers for drug delivery, medical imaging, advanced nanoreactors or electronics to protocells mimicking cell structure and functions [2] . On the other hand, the structural membrane components, lipids, are biocompatible but their long-term stability is limited. Hybrid lipid/polymer vesicles combine the inherent advantages of their components: the biocompatibility of lipids and the mechanical stability and chemical versatility of copolymers. The research on this topic is still in its infancy, and most of it deals with giant vesicles [3] in the effort to understand their phase diagram, miscibility and stability limits, and tune their morphology and structural features within the bilayer. The few examples about hybrid nanovesicles [4] [5] [6] [7] [8] [9] [10] mainly deal with the assessment of their dual nature, possible applications to drug delivery and recently the existence of phase separation at the nanoscale. The parameters influencing their morphology and phase separation are far from being understood. Moreover, studies concerning hybrid systems leading both to nano-objects and giant vesicles are very scarce [6, 9] . With respect to giant vesicles, polydimethylsiloxane (PDMS), polybutadiene (PBD) and polyisobutylene (PIB) are the most thoroughly investigated hydrophobic blocks, as they do not crystallize at room or body temperature and possess a glass transition temperature below 0°C, which guarantees a sufficient flexibility of the polymer chains during the commonly used electroformation process (i.e. electric field-assisted film hydration). The observed hybrid vesicles can be homogeneous or inhomogeneous with lateral domains. PDMS and PBD based block copolymers with different molecular weights have been studied in blends with lipids in the liquid (POPC, 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine) and gel (DPPC, dipalmitoylphosphatidylcholine) phase. The effects of size mismatch of the hydrophobic blocks and lipid fluidity on giant vesicle homogeneity have started to be systematically investigated for PDMS based copolymers. In this case, it was demonstrated that the hydrophobic mismatch is an important parameter for lipids in the fluid phase. Indeed, when the block copolymer molecular weight increases, homogeneous vesicles form in a larger range of compositions in the region of low lipid content [5, 11] . At higher lipid content phase-separated vesicles form, and budding is observed; phase-separated vesicles are not stable and budding degenerates in vesicle fission for copolymers of higher molecular weights. In this case, a high percentage of pure lipid or polymer vesicles is always observed, resulting from fission phenomena. This also explains the experimental results on PBD based block copolymers in the case of high hydrophobic mismatch.
In this case, homogeneous hybrid vesicles form in the polymer-rich domain; and in the lipid-rich domain homogeneous hybrid vesicles form together with vesicles of the pure components. POPC gives rise to homogeneous giant vesicles in a restricted range of compositions [12] for PBD based copolymers, while for PDMS based triblock copolymers, vesicles always form. On the other hand, DPPC always form inhomogeneous systems with domains independently of the hydrophobic mismatch in the case of PDMS copolymers [11] . Homogeneous GUVs (Giant Unilamellar Vesicles) are also observed for PIB block copolymers in the lipid-rich and polymerrich regions (below 18 mol% and above 30 mol% DPPC), while phase separation occurs only for intermediate compositions [13] . For DPPC hybrid systems, electroformation is conducted above lipid melting temperature and phase separation occurs after cooling down to room temperature.
The cooling rate affects domains size and shape, fast cooling producing round domains whereas slow cooling produces flower-like or irregular shape domain. For higher mismatches, round domains formed, irrespectively of the cooling rate. In the case of PIB and PDMS based block copolymers, hybrid vesicles form in all the range of composition, for PBD based copolymers only one composition has been reported. As mentioned above, small unilamellar vesicles were also investigated for a few systems, composed of lipids both in the gel and liquid phase. The vesicles' hydrodynamic radius [6] [7] [8] and permeability together with changes in the thermal properties of the bilayer [7, 8] are used as an indication of the hybrid nature of the vesicles.
Hybrid vesicles are more stable than liposomes and the effect was related to literature results on the higher stability of pegylated liposomes [7] . Vesicles permeability always decreases in the presence of the block copolymers. On the other hand, the effect on the hydrodynamic size is difficult to rationalize due to the lack of systematic studies using copolymer with different molecular weight and above all it is not always in agreement with the effects on the bilayer properties. In the case of PDMS based triblock copolymers [7] , for example, the copolymer with the highest mismatch induced the largest effect on permeability and melting temperature of hybrid DPPC-polymer vesicles, but less impact on the vesicles' size. Very recently Dao et al. [11] underlined the need for more detailed investigations on the morphology of the nanostructures, the distributions of the components in the bilayers in order to understand the important parameters (i.e. chemical nature, curvature and hydrophobic mismatch) involved. This could also shed some light on the correlation between behaviors at the micro and nano scales if it exists.
Here we report a study on vesicles, both at the micro-and nanoscales, formed by PBD 43 -PEO 20 and DPPC. Although PBD per se is not biodegradable, the conjugation with PEO makes PBD-PEO block copolymer biocompatible [14] . In addition, it is well established that PEO improves the pharmacokinetic properties of nanodrugs and drug delivery nanodevices, due a stealth effect hindering the recognition by the mononuclear phagocyte system (MPS) [15, 16] Thus, PBD-PEO based systems have been recently proposed for biomedical applications as drug carriers, and investigated both in vitro and in vivo [17, 18] . Concerning the lipid building block DPPC, though generally not present in biological membranes, is fully biocompatible and thus of general interest for biomedical applications. In particular, due to the fully saturated nature of the hydrophobic chain, pure DPPC assemblies are characterized by a relatively high melting temperature (41°C, [19] ), of particular relevance for the design and development of smart temperature responsive drug delivery systems [20] . We have established the phase diagram in all the range of compositions by microscopy techniques (epifluorescence and scanning confocal microscopy) in the case of GUV obtained by electroformation, and by scattering techniques in the case of nanovesicles obtained by film rehydration and extrusion. 
MATERIALS AND METHODS

Materials
Preparation of Giant Unilamellar Vesicles
Giant Unilamellar Vesicles (GUVs) were prepared on a Vesicles prep pro instrument produced by Nanion. It is based on the well-known electroformation method described for the first time by
Angelova et al. [21] for lipid-based GUVs. Briefly, 5 µl of a 1 mg/ml solution of the polymer in chloroform, lipid or their blend was deposited (approximately 1 cm²) on an ITO-coated glass slide and dried under vacuum. Then an electroformation chamber was built-up by surrounding the dry film with a 1 mm o-ring and it was subsequently filled with 250 µl of a 240 mM sucrose solution. The chamber was closed with another ITO-coated glass slide and connected to an alternate current generator through electrodes connected with the ITO-coated glass slides. A peak-to-peak voltage of 3 volts and 10 Hz was then applied at 50 °C for one hour to form the GUVs. The temperature and the voltage were then slowly decreased and the vesicles were collected with a pipette.
Preparation of Small Unilamellar Vesicles
Nano-sized vesicles were prepared by the method of film rehydration. Briefly, 1 mg/mL solutions of pure lipid, pure polymer or lipid/polymer blend were prepared in chloroform. A dry film from 1 ml of solution was obtained in a glass tube by evaporating the solvent on a rotavapor for at least for 3 hours. Then, 1.5 ml of MilliQ water were added and the film was bath-sonicated at 50 °C for 15 minutes. The obtained dispersions were then extruded 11 times at 50 °C through a 100 nm-pore sized polycarbonate membrane. For SANS investigations the procedure adopted was similar except that D 2 O was used instead of H 2 O.
Optical Microscopy
Optical microscopy images were acquired on an Olympus Microscope 100W BX 53 using a 20x objective and then analysed with ImageJ.
Confocal Laser Scanning Microscopy
Confocal Microscopy experiments were carried out with a Leica TCS SP2 Confocal Microscope (Leica Microsystems). [22] The fluorescent dyes β-Bodipy and DiI-C20 were excited respectively at 488 nm, with an Ar laser, and 561 nm, with DPSS 561 laser, and the fluorescence was collected with PMTs in the wavelength ranges 498-530 nm and 571-630 nm, respectively. It must be noted that in order to facilitate the formation of PBD-PEO GUVs of sufficient size and their detachment from the film, which is necessary for confocal microscopy visualization, for the preparation of pure copolymer-based vesicles, PBD-PEO was mixed with 20 mol % PBD-PEO-COOH.
Microfluidics
Microfluidic chips fabrication and design. Polydimethylsiloxane (PDMS) -glass microfluidic chips were fabricated using standard soft-lithography techniques [23] . The mold (50 µm thick) was prepared by lamination and photolithography of a dry film on a silicon wafer, as described in [24] . PDMS / crosslinking agent (Sylgard 184) 10:1 mixture was casted on the mold and cured 
Dynamic Light Scattering and Multi-angle Dynamic Light Scattering
DLS measurements were performed with an instrument from Malvern (Orsay, France)
Zetasizer NanoZS at an angle of 173°. The samples were measured after the preparation without dilution and at 25 °C. Multiangle dynamic light scattering was performed with a LS Spectrometer (LSinstruments) measuring the scattering from 15° to 150° each 5°. The curves were analysed with a home-made program [25] . The autocorrelation function has been fitted using the Non-Negatively constrained Least Squares (NNLS) described in Supporting
Information. The polydispersity index (PDI) is the ratio between the variance of the distribution and the square of the mean value of the decay rate. Then obtained from the autocorrelation function at angles between 20° and 150° is plotted as a function of q 2 in order to obtain the mean diffusion coefficient and, from Stokes-Einstein equation, the mean hydrodynamic radius according to equation =D
Small Angle Neutron Scattering
Small angle neutron scattering measurements were carried out at the KWS-1 diffractometer [27] . Obtained data have been analysed through the software Sasview, using suitable theoretical models: unilamellar vesicles; multilamellar vesicles; homogeneous cylinders, or a combination of them, where appropriate.
Transmission Electron Microscopy
TEM experiments were performed with a Hitachi HT7700 (Hitachi High Tech, Hitachinaka, Japon) microscope (accelerating voltage of 75 kV). A small drop of aqueous vesicle solution was deposited onto a discharged copper grid coated with a carbon membrane, left few minutes and gently dried with absorbing paper. A drop of uranyl acetate solution was deposited onto the grid for 10 seconds, and the grid was then dried under a lamp for at least 5 minutes. Images were then analysed with ImageJ. Figure 1 presents the structures of the components for the copolymer-lipid hybrid assemblies.
RESULTS AND DISCUSSION
Micron-sized copolymer-lipid hybrid assemblies
The self-assembly behavior in water of both copolymers and lipids is dependent on their structural characteristics, namely, on the relative steric hindrance of the hydrophobic moiety with respect to the hydrophilic one. For lipids, this is described by the packing parameter [28] p (p = v/a 0 l), which compares the volume (v) and length (l) of the hydrophobic moiety with the equilibrium surface area of the hydrophilic part (a 0 ) to predict the shape of self-assemblies, yielding spherical micelles for low values of p (p<1) and then, upon increasing p, elongated micelles, planar structures (p=1) and inverse assemblies (p>1). For copolymers, a qualitative similar trend is found in self-assemblies in water, as a function of the asymmetry between the hydrophilic and the hydrophobic units. Disher and Eisenberg proposed to use the hydrophilic ratio, f hydrophilic , defined as the ratio between the mass of the hydrophilic block and the total mass, as a measure of block copolymer asymmetry influencing the preferred self-assembly geometry.
For our systems, DPPC is characterized by a packing parameter p close to 1, while the value of f hydrophilic of PBD(2300)PEO(900) is roughly 28% in the range where vesicular assemblies are expected for PBD based block copolymers [1, 29] . First, GUVs were formed from different PBD-PEO/DPPC mixtures according to the wellestablished electroformation method [21, 30, 31] performed as described in the experimental section. In Figure 2 the morphology of the obtained micro-objects is summarized by representative optical microscopy images. Concerning pure PBD-PEO, it hardly formed vesicles of size higher than 5 m and difficult to detach from the film (see Figure 2a ). This experimental finding is common to other neutral PBD based block copolymers with different molecular weights. [32] Even if we cannot readily demonstrate it, it is possible to hypothesize that the low polarity of the PBD-PEO limits the penetration of water in the dry film and the full hydration and detachment of copolymer layers. As a matter of fact, the addition of a low amount (20 mol %) of the same copolymer carrying a carboxylic acid unit and of similar molecular weight promotes the formation and detachment of the vesicles from the film, possibly thanks to an increased repulsive contribution between the polymer units (see SI Figure S1 ). DPPC GUVs were polydisperse in size, ranging roughly from 10 μm to 25 μm (see SI Table S1 ) that easily detached from the lipid film (Figure 2i ). Even a small amount (9 mol %) of DPPC added to PBD-PEO strongly promoted the formation of GUVs (Figure 2b ) and the presence of GUVs was observed over the whole investigated range of PBD-PEO/DPPC mole ratios. One could argue that phase separation between the copolymer and the lipid might occur and that the GUVs characterized by a higher diameter might be made of pure DPPC. However, it can be observed that the GUVs originating from PBD-PEO/DPPC mixtures are clearly of irregular, not perfectly rounded shape and that regions of slightly different contrasts within the GUVs membranes can be recognized (see Figure   2b -h, insets). Both these effects are evidence of the presence of the two components, lipid and copolymer, in the GUVs. In particular, this ragged surface is reminiscent of the ''bulging out'' domains observed by Nam et al. for other PBD-PEO copolymers mixed with DPPC [33] and has been attributed to the formation of GUVs formed by PIB-PEO in the presence of DPPC [13] . In fact, the slight contrast variation within the membrane could be related to the slight different refractive index of PBD-PEO-rich and DPPC-rich regions. Besides, the membrane thicknesses of the copolymer-based vesicles are generally two to three times higher than those of lipid-based ones [6] . The packing behavior of lipid molecules is probably affected by the presence of the copolymer, in particular at the phase borders, which might give rise to the shape irregularities highlighted in the optical microscopy images. In order to get further insight into the nature of the formed vesicles and to highlight the partition of the two different components, lipid and copolymer, within the GUVs, we performed a confocal microscopy investigation. Two different lipid fluorescent probes were selected, Bodipy (excitation 488 nm, emission 498-530 nm, green) and DiIC20 (excitation 561 nm, emission 571-650 nm, red) with preferential partition for the fluid and the gel phases, respectively. The rigidity of the copolymer is related to its glass transition temperature, which, for PBD-PEO, is well below room temperature; thus, in our experimental conditions the copolymer phase is relatively fluid and preferentially hosts Bodipy molecules. Conversely, as already pointed out, the melting temperature of pure DPPC is around 41°C. Thus, in our experimental conditions pure DPPC assemblies are arranged in L β phase with the saturated hydrophobic chains orderly packed, resulting in a rigid structure, which preferentially hosts DiIC20 molecules. Figure 3 shows representative confocal microscopy images of GUVs made of pure copolymer (Figure 3a respectively. In these samples, a clear inhomogeneous distribution of the two dyes is observed, with micron-sized domains where DiIC20 fluorescence (red) is concentrated, clearly separated from Bodipy fluorescence (green). Small copolymer-rich domains always form in a lipid-rich GUV independently of the blend composition. As the polymer alone difficultly forms GUVs, it is probably prone to insert in GUVs mainly constituted by DPPC. This kind of hybrid GUVs, characterized by phase separated domains, has already been reported on copolymer/DPPC systems [13, 33] and for hydrophobic mismatches as high as those of the investigated systems, they are spherical. Besides, it has been observed that size of the domains is influenced by the cooling rate after electroformation because DPPC undergoes a phase transition from a liquid-like phase to a gel phase. High cooling rate induces the formation of small round domains in a similar way as a nucleation phenomenon. As we did not control the cooling rate we cannot comment on the domains size distribution. Nevertheless, we can observe that the overall GUV surface covered by domains is not homogeneously distributed within different GUVs, probably indicating that the composition of each GUV does not necessarily correspond to the initial one in the blend. Given that GUVs are not thermodynamically stable assemblies, it can be hypothesized that the amount of phase segregated copolymer-rich fluid phase (where Bodipy is concentrated), with respect to lipid-rich rigid phase (where DiIC20 preferentially partition), is connected to the variability in the composition of the film from which the GUVs are electroformed. Nevertheless, confocal microscopy data fully confirm optical microscopy data, highlighting that PBD-PEO and DPPC can be mixed in a broad range of molar ratios to form hybrid micron-sized vesicular assemblies. affected GUV shape determined a qualitative relationship between mechanical stress and vesicle deformation. The mechanical stress is a combination of (i) the pressure difference upstream/downstream the trap and (ii) the drag force due to remaining fluid flow around the object. A quantitative description is out of the scope of the present paper and will be described in a future work. In Figure 5b , the typical progressive deformation for pure polymer GUV is shown, with pressure difference (inlet to outlet) increasing from 1 mBar to 31 mBar at which point the GUV escapes the trap (flow is from left to right). As visualized by the thick yellow arrow, this vesicle deforms in the longitudinal (flow) direction, whereas its dimension in the transverse direction (white thin arrow) is almost unchanged. This behavior is observed for all GUVs with pure polymeric composition, as shown in left panel of Figure 5c (100% PEO-PBD, equivalent to 0% DPPC), which we interpret as a quite fluid-like behavior of the polymeric GUV membrane, which starts "flowing" within the trap. This is consistent with the fact that the polymer is well above its glass transition temperature, leading to mobile chains within the polymersome. On the contrary, pure lipid DPPC GUVs deform in a transverse way while the flow intensity is increased (Figure 5c , right panel), more in an "elastic-like" behavior, the GUV being flattened out on the trap. We attribute such a deformation mode resembling that of a solid to the fact that DPPC is in the gel phase at room temperature. For hybrid vesicles, shown in Figure 5d This could be due to a variability in GUV composition, which is plausible since each object originates from a different zone of the film, consistently with the CLSM observations. Note however that we observe micron-sized domains in trapped objects for both types of behaviors (see for example the last image in Figure 5d ).
Nano-sized copolymer-lipid hybrid assemblies
As already discussed, one of the main applications of lipid-based and copolymer-based assemblies is the development of drug delivery systems for Nanomedicine. In this respect, hybrid systems have been receiving a lot of attention recently, due to the inherent possibilities they offer to combine and modulate the characteristics of lipid-based and copolymer-based assemblies in order to strongly enhance their performances.
Hybrid PBD-PEO/DPPC nano-objects were prepared through dry film rehydration and extrusion through a 100 nm polycarbonate membrane, according to a well-established procedure for the formation of nanometric liposomes, [34] as described in the experimental section. The asprepared dispersions were characterized through multiangle dynamic light scattering. In Figure   6a , representative DLS curves of the pure PBD-PEO and DPPC vesicles' dispersion are displayed together with those obtained for PBD-PEO/DPPC hybrid systems (with 35 mol % and 65 mol % DPPC, respectively) acquired at 150°. From the comparison of the autocorrelation functions of the scattered intensity (ACF) profiles, it is apparent that hybrid systems are characterized by lower decay times with respect to the pure assemblies. The mean hydrodynamic radius and polydispersity of the nano-objects were obtained with the NNLS analysis of the ACF and are reported in Table 1 . As anticipated from the observation of DLS curves, the hydrodynamic radii of hybrid self-assembled objects are lower than those obtained from the pure objects. In particular, for the PBD-PEO/DPPC 65% hybrid, a low value of the hydrodynamic radius is estimated that, together with a very high polydispersity, suggests that the composition and shape of the objects must be more complex than vesicles. Moreover, their size is lower than the polycarbonate membrane pores employed for extrusion. In order to obtain more detailed information on the shape of hybrid nano-objects, the same samples prepared in D 2 O were analyzed through Small-Angle Neutron Scattering (SANS). In This hypothesis is also consistent with the previously discussed DLS data. SANS curves were analyzed according to a combined form factor of vesicles and cylinders with a Schultz distribution in size and thickness. The resulting fitting curves are shown in Figure 6b , while the fitting results are reported in Table 1 . Consistently with the slope analysis of the SANS curves in the intermediate q region, the hybrid systems can be described by a mixture of cylindrical and vesicular objects, whose percentages (reported in Table 1 as v%, vesicles percentage) can be roughly evaluated as the relative volume fraction of the two types of assemblies, as obtained from the fitting procedure. With respect to the membrane thickness, a linear change (from around 12 nm for the pure copolymer vesicles to around 4 nm for pure lipid vesicles, see Table 1 , Th v values) is observed, which can be a first evidence of the formation of hybrid objects at the nanoscale. Interestingly, the cylindrical assemblies are characterized by a defined radius (around 7.5 nm, see R c values in Table 1 ) and a very low polydispersity (see PDI (R c ) values in Table 1 (SANS) fitting results obtained from the analysis of SANS curves according to a combined vesicles-cylinders form factor: relative percentage of vesicles with respect to cylinders (v%); membrane thickness (Th v ) and membrane thickness polydispersity (PDI (Th v )) of vesicles; radius of cylinders (R c ) and polydispersity of the radius of cylinders (PDI (R c )).
The SANS results are confirmed by the TEM micrographs of the different systems displayed in describe a transition from vesicles to wormlike micelles thanks to cryo-TEM and the measured apparent hydrodynamic radius is about 50 nm in the presence of wormlike micelles. We can then reasonably conclude that a transition from vesicles to wormlike micelles can be accompanied by a decrease of the apparent hydrodynamic radius of the species in solution.
As already discussed, cylindrical micelles are completely absent in both samples of pure properties. However, this micron-sized phase segregation is not possible in nano-objects. In the self-assembly of copolymer-lipid hybrids into wormlike assemblies we can thus hypothesize that, due to the small size of the objects, phase segregation is energetically disfavored due to the strong difference in their spontaneous curvature and copolymer and lipid mix at a molecular level, to form cylindrical assemblies of high curvature.
The different protocols employed for the preparation of the objects at the micro-and nano-scale may play a role. Even if this issue is beyond the scope of this work, it worth to underline that we can't exclude that the differently shaped objects at the two length-scales would result from the interplay between thermodynamic stabilization and kinetic control, which is different according to the preparation protocol. Concerning the microscale, optical microscopy images highlight that hybrid Giant Unilamellar Vesicles (GUVs) are efficiently formed in a broad range of PBD-PEO/DPPC molar ratios.
Hybrid GUVs are characterized by irregular shapes and compositional inhomogeneities. The occurrence of lateral phase separation in lipid-rich and copolymer-rich regions was proved through Confocal Microscopy experiments, which highlighted the coexistence of areas of higher fluidity enriched with the copolymer, whose Tg is well below room temperature, with areas of lower fluidity, with higher amounts of DPPC, which is below its gel-to-liquid crystalline transition temperature. The presence and distribution of these phase-separated domains deeply affect the mechanical and viscoelastic properties of the hybrid GUVs, as proved through microfluidic trapping. Concerning the nano lengthscale, both pure DPPC and pure PBD-PEO self assemble into nanosized vesicles; conversely, copolymer-lipid hybrids preferentially selfassemble into elongated, worm-like objects with highly monodisperse cross-section. This evidence, confirmed both by SANS and TEM results, clearly proves that the composition of these worm-like objects is hybrid. We hypothesize that the lateral micron-sized phase separation, which is observed for GUVs, is energetically disfavored when the lengthscale of the selfassembled objects decreases, due to the large hydrophobic mismatch between the lipid and the copolymer. Thus, at the nanoscale, instead of small unilamellar vesicles with nanosized domains or fully demixed separated vesicles of pure DPPC and pure PBD-PEO, cylindrical micelles are formed. The self-assembly pathway and the arrangement of the two components is completely changed with respect to the micron-lengthscale. Overall, we show that the preparation methodology, the lengthscale of the objects, the initial composition of copolymer-lipid blend can be varied to modulate the morphology, size, shape and mechanical properties of these versatile hybrid self-assemblies.
